Abstract-To date, Several focusing techniques have been proposed to realize localized stimulation on haptic interfaces: phased arrays of actuators with delayed excitation, or time reversal techniques which require a preliminary learning phase. Additionally, these techniques are sensitive to parameters variation and disturbances. Modal decomposition allows to realize arbitrary vibration fields congruent with the boundary conditions and in this paper, Modal decomposition is proposed to realize a desired vibration velocity field in order to have differentiated stimuli. The experimental results validate the ability of the method to approximate satisfactorily a desired reference form. The psychophysical evaluations show that users can differentiate and localize the stimulation while exploring a surface with two fingers.
I. INTRODUCTION
Currently, there is a growing effort to implement haptic feedback on devices such as smartphones or tablets to enhance the user's experience. As an alternative to usual vibrating actuators, many proposal using elastic waves can be found in literature such as friction modulation [1] , or focused elastic deformation [2] . The first approach exploits an out of plane mode (usually of the screen). This results in a modulation of the apparent friction coefficient, which can be explained either by the squeeze effect, or by intermittent contact of the vibrating surface with the finger [3] , [4] . The vibration can then be switched on and off according to a measurement of the user's finger position to lure the user and render texturized surfaces [5] . Lateral vibrations can also be combine to out of plane vibration as in [6] . However, since the whole surface vibrates, it is difficult to offer a multi finger haptic interaction. Moreover, to evaluate the friction modulation, the user must continuously explore the surface with the finger. The second category, i.e focusing techniques, do not require such a motion, and can be realized using phased array or time reversal. Localized deformation of the interface can then be realized which can be used to create differentiated stimulation. In phased array techniques, a large number of transducers generate a stream of vibrations with a time delay proportional to the distance separating a given transducer from the focus area [2] , [7] . This simplicity can result in a coarse focus, and since the energy is spread on a large area the deformation is limited. Time reversal on the other hand uses more complicated signals which are recording by transducers of the propagated vibration due to an initial deformation at some location. Each transducer then plays backward the recorded signal, in a synchronous manner, to "replay" the original deformation [8] [9] . Therefore, an identification procedure, is required. The main drawback is that the tests conditions may differ from the operational condition in a real environment. To address this issue, closed loop is devised, but to our knowledge, not implemented yet. This paper is a first step toward generating arbitrary vibration field based on control in the modal space with an evaluation of its potential for multifinger tactile exploration. The main idea of the paper is to use the property of the modal shapes of weakly dissipative elastic structure which form an orthogonal basis. In the first part we recall the main properties, and the protocol to realize a given velocity field thanks to its projection on a reduced set of modal shapes. Imposing velocity in this first study is motivated by the result found in [3] . In addition, we propose a way to calculate the voltages waveform applied to the transducers to control the transient in open-loop. The second part is devoted to experimental validations of the proposed method. A simple velocity field is successfully approximated over a limited number of identified modes measured on a simple thin beam equipped with piezoelectric ceramics. Finally, the third part discusses psychophysical tests that demonstrate the possibility with the proposed technique to suggest different sensations on two fingers. The results show that the users are able to recognize the zone with the largest velocity.
II. THEORETICAL BACKGROUND
We consider a device constituted by an elastic media equipped with piezoelectric ceramic glued on one side. The geometry considered here is flat, prismatic and thin compared to other dimensions, similar to a screen. The material is linear and lightly damped. In such case, the theory recalled below holds.
A. Modal decomposition
The solution of an elastic medium vibration can be addressed using modal decomposition [10] . At particular frequencies, the structure has a particular displacement field, named mode shapes and denoted here ϕ k , which depends on the geometry of the structure and the boundary conditions (BC). The ϕ k define a complete orthogonal basis with respect to the inner product : where D denotes the integration domain, and dΩ is an elementary volume. In this paper, only plane geometries submitted to flexing deformation will be considered. As a consequence, only the out of plane component displacement ϕ k of the displacement field ϕ k is considered. This basis can be normalized by setting the amplitude of a mode shape such that :
where ρ is the density of the medium, ϕ j are the normalized modal shapes, and δ jk = 1 if k = j and 0 otherwise . Hence, any time dependent shape w(x, y,t) compatible with the BC can finally be expressed as :
where η k (t) are the time coefficients relative to mode k. The dynamic equation of the plate is :
where D is the flexing rigidity of the plate, h is its thickness, and ∇ 2 is the double Laplacian operator. p(x, y,t) is the loading of the plate. It is either due to external perturbations, or, in our case, by actuators such as piezoelectric patches. Applying the inner product (1) to Eq (4) and a given mode ϕ k , then considering the property (2) yields the decoupled dynamic equations governing each mode :
ω k is the resonant frequency of mode k, and ξ k is a damping coefficient introduced empirically to account for the damping of the mode. ψ k is the modal force. Since p accounts for the forces applied by the piezoelectric actuators, the definition given in 5 shows that any mode can be excited by an actuator as long as the geometry of the actuator is chosen to ensure that ψ k = 0. Hence, an actuator can excite several modes as long as the previous condition is fulfilled and if the time variation of p is adequate. Moreover, here, p is proportional to the voltage v(t) applied to the ceramics, and therefore:
, where G k the gain of the mode. So the voltages to apply can be defined. 
B. Modes selection
As discussed above, in theory, an infinite number of modes is required to realize a given deformation shape. Of course, in practice, only a finite number of modes can be excited. Consequently, the first issue is to simplify the modal projection of the desired velocity field. The modes used should be selected properly to yield an acceptable trade-off between complexity and fidelity to the initial desired velocity field. In this paper, for instance, the objective is to generate at the given time T F the velocity map depicted on Fig. 1 (black meshed surface). The desired deformation velocity field at focusing timeẇ(x, y, T F ) has been decomposed to the first fifty modes, the corresponding modal velocity coefficients have been calculated as shown in Fig. 2 in black color. According to this figure, six modes have dominating contribution and were selected. The selected modes are shown in blue color in Fig. 2 and the resulting velocity is shown in color surface in Fig. 1 . As shown, an acceptable approximation of desired velocity field is achieved using six modes. Using modal decomposition, the initial value of the modes at focusing moment is known and their time dependence is described by eq. (5). It remains to define the forces, or equivalently here the voltages, that will achieve the desired velocity field at a specified time.
C. Open loop voltages calculation
Knowingη k (t F ) from the procedure above, it remains to define the transient of the modes i.e the time lawη k (t). To do so, we chose these functions based on the following consideration : in order to limit the driving voltages that will result from the procedure, the frequency used to excite a mode should be close to its resonant frequency, and we set its raise time. Therefore, the time law (reference trajectory) during the raising phase is an increasing modulated exponential defined by :η
where A k is an amplitude that must be determined, c = ξ k ω k
ξ k is the parameter controlling the transient. Considering now the dynamic equation (5), and replacing the displacement, velocity and acceleration fields, one gets after some algebra :
To ensure the required modal velocities, it remains to calculate A k from the condition A k e at F sin (bt F ) =η k (t F ). To ensure that the modes are in phase at the focusing instant t F , one must set the phase α k such that bt F − α k = ± π 2 + 2n k π where n k is an arbitrary integer. Finally, the voltages are deduced thank to the velocity gain of the considered mode. This is done through an identification procedure described in the next section.
III. EXPERIMENTAL SET UP
In order to investigate the feasibility of generating desired vibration field with modal excitation method, an experimental setup was designed to test a simple case of modal vibration generation. For this purpose, a beam equipped with piezoelectric actuators ?? was realized and is presented in subsection III-A. as shown in Fig. 3(a) , the voltages applied to the actuators are first generated with a Textronix AFG 3022B arbitrary waveform generator(AWG) and amplified. Velocity is measured a single point laser vibrometer (Polytec OFV 505). The measured vibration velocity is acquired by a Picoscope 3404 oscilloscope. All measurements are synchronized based on pulses generated by a square wave generator and processed using dedicated MATLAB routines that we developed.
A. Design of beam
An aluminum beam with dimensions 100×6×2 mm 3 with free-free boundary condition has been designed ( Fig. 3(b) ). Six piezoelectric actuators were glued on the beam in order to excite the fifteen identified modes although as discussed only six of them will be used in this study. The two actuators at the center and the two outermost are respectively electrically connected, while the last ones are not used in the experiment, but provide some homogeneity of the geometry in order to reduce localized deformations resulting from the variation of the section.
B. Identification of mode shapes and modal parameters
In open loop, the modal parameters (ω k ,ξ k and G k ) must be identified. To do so, a the identification is done in the frequency domain. The piezoelectric actuators were excited with a chirp signal while the vibration of the beam was measured using a laser vibrometer to construct the Frequency Response Function (FRF) at regularly spaced location of the beam. Using peak-picking method, the resonance frequencies ( f k = ω k 2π ) the damping factors (ξ k ) and the modal gains (G k )were identified (see table I ). For the FRF at the different points on the beam, the mode shapes (ϕ k (x, y)) are reconstructed as depicted on Fig. 4 . 
IV. EXPERIMENTAL VALIDATION OF MODAL FOCUSING

A. Validation of the proposed method
Here, the method validated against the desired final velocity field. As was discussed, the six more significant modes were selected, and were excited using two sets of actuators. Indeed, to avoid saturation of the amplifiers, the voltage resulting of the superimposition of the "modal" voltages defined by eq. (7) were split between the center actuator set (ϕ 1 ,ϕ 3 , ϕ 11 , ϕ 13 ) and the side actuator set (ϕ 5 , ϕ 7 ). The assignment of a particular mode excitation to a aprticular actuator set is done by selecting the best modal gain values among the two sets. On fig. 5 , the amplitude vs position on the beam (horizontal axis) and time (vertical axis) is presented near the focusing which was set to be at 25 ms and in the middle of the beam. It is clearly visible that the velocity field in this area is 
B. Evaluation of the velocity field at focusing time
To validate the velocity field obtained at t = 25 ms, fig.  7 presents its modal projection. The first two modes have been very well excited, but then some discrepancies are observed especially for modes ϕ 5 and ϕ 11 with a maximum value of the error of 6 mm s −1 . Considering the fact that this is obtained in open loop from experimental estimates of the damping, these results are considered satisfactory. This is confirmed by the experimental velocity field at the focusing instant, which is depicted on fig. 7 , and is similar to the reference on fig . 1 . However, it can be noticed that in addition to the bending, a torsion movement is present, probably due to the imperfection in the gluing of the actuator or of the boundary conditions. This could also explain the differences between the desired and the experimental modal projections. However, the experimental velocity field is close enough to the reference to consider that the effect on the tactile stimulation should be similar.
V. PSYCHOPHYSICAL EVALUATION A. Scope of the study
The idea is to evaluate the effect of the velocity field on multi-fingers interaction by contrast with a located interaction with a single finger as in [8] . The point is that, at this Sprectrogram of the vibration velocity at the center during a focusing stage, the rise time of the two lowest frequencies modes are prominent as can be seen from the spectrogram of fig.  8 . Thus, using one finger to explore the beam one detects everywhere brief impulses at the frequency of the repetition of the focusing evocating tiny shocks. By contrast, the effect is striking when two fingers or more are in contact with the vibrating surface. In this case, the vibrating sensation ceases in the finger in contact with the lowest level of velocity, while the second finger still detects the so-called repeated "shocks". To confirm this, the following experiment was set.
B. Protocol
The surface of the beam has been divided into five equal zones, named 'A', 'B', 'C', 'D' and 'E' as shown in Fig.  9 . During the psychophysical test, the users were asked to use two fingers simultaneously, each of them being located on two different zones without moving. The combination imposed were (A,C), (B,D) and (C,E) (in the latter they will be denoted respectively I, II, III), in order to reduce the mechanical cross talk between two fingers. The users were asked to test one of the combination randomly, while the voltage were set to obtain various maximum speeds 80 mm s −1 , 100 mm s −1 , 150 mm s −1 and 200 mm s −1 in random order. The stimuli for a given setting and location were repeated at a frequency of 7 Hz. For each run, the participants were asked to locate where they detected an event. The answers were categorized as "right", "left" or "both". Ten participants, 3 women and 7 men aged between 22 and 38 years old, have repeated this procedure for two sets of psychophysical experiments. In one experiment, the participants were asked to put index and middle finger of one hand on the sets of locations (A,C), (B,D) and (C,E) and compare the sensations under the index and middle fingers of the same hand (test 1). Fig. 9 . The scheme of beam which is divided to five spots of ('A', 'B', 'C', 'D' and 'E'), the participant is touching spot 'A' by index finger and spot 'C' by middle finger in photo.
In the second experiment, participants put the index fingers of both hands simultaneously on the same sets of location and answered the same question (test 2). During the tests, if the location of the focusing is correctly detected, a right handed user should feel it on the middle finger for combination I, and on the index in configuration III. In configuration II, as the focusing will be between the two fingers, the answer is likely to be undetermined. Of course, a left handed users will be reversed. Therefore, to cover all the cases, we classified the answers as 'correct', 'wrong' and 'undetermined'. Fig. 10 sums up the result of test 1. In this figure, the answer for one location (as shown in Fig. 9 ) and various maximum speed at localization are summed up. The 'C', 'W' and 'U' stand for 'correct', 'wrong' and 'undetermined'. It clearly shows that, as expected, the participants dominantly detected that the focusing is located at 'C' near the center regardless of the vibration amplitude. They declared to have no feeling on the finger where the velocity field is smaller. Only one participant had a similar feeling under the two fingers at 150 mm s −1 . For the configuration III Fig. 10 illustrates that the participants correctly locate the focusing point in a similar proportion, that is in almost any case. Again, only one participant could not differentiate the sensation, and one answer was wrong. This happened for the lowest velocity levels 80 mm s −1 and 100 mm s −1 . For location II, the velocities are fairly equal under each finger, although it is slightly larger in zone 'B' due to some discrepancies in the boundary conditions impose by the tape. Therefore we consider answers in favor of 'B' as correct. Some participants felt a stronger vibration on the spot 'B', while only one chose 'D' (considered as wrong). Actually, most participants concluded that both fingers were stimulated hence the majority of 'B & D' (classified as undetermined). In fact, although the velocity in 'C' ( fig. 7) dominates, looking at the temporal evolution of the vibration on Fig.  5 shows that during transient spots 'B' and 'C' (located in the vicinity of −0.025 m and 0.025 m on the horizontal 'x' axis) present symmetrical speed extrema before and after the focusing (roughly at 24.8 ms and 25.2 ms) although the amplitudes represent roughly half of the central speed at focusing. That is the whole focusing process influences the haptic feeling experience of the users. Actually, it seems that the user "filters out" the vibration as if, in the process, the dominant speed was the only one perceived. Indeed, the 'A & C' and 'C & E' combination present the highest speed contrast, as opposed to 'B & D' where the speeds are almost equal. In the two first cases, the participants decide for the correct location, while for the last they cannot decide, and actually describe the experience as "shocks between the fingers". The second experience was designed to confirm that this ability to feel only the dominant side was not induced by some mechanical coupling induced by the hand : if the whole hand is vibrated at the lowest vibration amplitude, it makes sense that we feel only the difference of speed. Hence, a similar psychophysical experiment was repeated by the participants using both index as it is very unlikely that the path between the hands through the body can propagate the vibration. The results are repeated and follow the pattern observed in the previous test (depicted in Fig.  11 ). This suggests that this differentiation of the speed, and the tendency to obliterate the feeling on the finger subjected to the lowest velocity is confirmed, and not due to the hand itself.
C. Results and discussion
VI. CONCLUSIONS
In this paper, the concept of the modal projection and modal excitation of vibration was proposed for haptic applications and applied to realize a simple haptic interface. The voltages were calculated to obtain the focusing at a specified time. The resulting velocity field presented the high speed contrast as expected and a limited number of the modes was used. According to the psychophysical experiment results, the participants experience a differentiated haptic stimulation when using two fingers of the same or two different hands. Moreover, they can localize correctly the peak of the velocity field at the center of beam ('C' spot). The first observations indicate that the sensation results from the difference of the vibration speed under each finger so that only the finger exposed to the largest amplitude feels the stimulation.
